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Calcium channelThe presence of the store-operated Ca2+ entry channel Orai1 and its function in signal transduction during
fertilization have been investigated in mammalian oocytes using the pig as a model. RT-PCR cloning and se-
quence analysis revealed that Orai1 is expressed in the oocytes with a coding sequence of 921 bp. After indi-
rect immunocytochemistry or the overexpression of EGFP-tagged Orai1, the ﬂuorescent signal was present
primarily in the cell cortex consistent with plasma membrane localization of the protein. Western blot and
real-time PCR results showed that Orai1 expression decreases during oocyte maturation; this is associated
with the oocytes gaining the ability to generate a large Ca2+ inﬂux after store depletion. Downregulation of
Orai1 expression by siRNA microinjection blocked Ca2+ inﬂux after store depletion and subsequent Ca2+ add-
back; the Ca2+ oscillations induced by the fertilizing sperm were also inhibited in oocytes with downregulated
Orai1 levels. At the same time, overexpression of Orai1 in the oocytes also modiﬁed store-operated Ca2+ entry
and had an inhibitory effect on the fertilization Ca2+ signal. The abnormal Ca2+ signaling due to Orai1 downre-
gulation had a strong negative impact on subsequent embryo development. Co-overexpression of Orai1 and
STIM1 on the other hand, led to a dramatic increase in Ca2+ entry after store depletion. The ﬁndings indicate
that Orai1 is a plasma membrane-resident Ca2+ channel that is responsible for mediating Ca2+ entry after the
mobilization of intracellular Ca2+ in oocytes. Orai1 and a functional store-operated Ca2+ entry pathway are
required to maintain the Ca2+ oscillations at fertilization and to support proper embryo development.
© 2012 Elsevier Inc. All rights reserved.Introduction
Ionized calcium (Ca2+) is a highly versatile signaling messenger
that controls a vast number of biological functions including muscle
contraction, cell differentiation, gene expression, and cell death
(Berridge et al., 1998). In non-excitable cells a Ca2+ signal is generat-
ed when cytoplasmic Ca2+ levels are elevated due to the release of
Ca2+ from the intracellular stores known as the smooth endoplasmic
reticulum (ER). The signal is often biphasic: the initial Ca2+ releasemay
be followed by an entry of Ca2+ across the plasma membrane. In most
cases the inﬂux of Ca2+ is stimulated by the depletion of the stores
and hence was termed capacitative or store-operated Ca2+ entry
(Putney, 1986). Although the mechanism was described long time
ago, the molecular components of the pathway remained unresolved
until recently. The results of limited RNAi screens in Drosophila S2
cells (Roos et al., 2005) and human HeLa cells (Liou et al., 2005) identi-
ﬁed STIM1 as a transmembrane protein located predominantly in the
ER. With its canonical EF hand motif in the lumen of the intracellular
store, STIM1 (and its structurally related congener, STIM2; Soboloff
et al., 2006) senses luminal Ca2+ content and upon store depletioniences, Purdue University, 915
765 494 9346.
.
rights reserved.translocates into regions close to the plasma membrane to activate
Ca2+ inﬂux. The other important player in store-operated Ca2+ entry
is the Orai protein. The three-member Orai family (Orai1, Orai2, and
Orai3) was discovered through whole genome RNA interference
screening in Drosophila S2 cells (Feske et al., 2006; Vig et al., 2006b;
Zhang et al., 2006). The Orai1 protein is expressed largely in the plasma
membrane and contains four transmembrane domains with cytosolic
N- and C-termini (Prakriya et al., 2006; Vig et al., 2006b). A naturally oc-
curring mutation in Orai1 was identiﬁed as the cause for severe com-
bined immune deﬁciency (SCID) characterized by an absence of Ca2+
entry in T-cells, whereas expression of wild-type Orai1 restored the
Ca2+ release-activated Ca2+ current in cells of immune-deﬁcient pa-
tients (Feske et al., 2006). Additional experiments conﬁrmed the signif-
icance of Orai1 in the process: its co-expression with STIM1 led to a
signiﬁcant increase in store-operated Ca2+ entry (Mercer et al., 2006;
Peinelt et al., 2006; Soboloff et al., 2006), and single amino acid muta-
tions in the protein resulted in a complete loss of Ca2+ inﬂux after
store depletion (Prakriya et al., 2006; Vig et al., 2006a; Yeromin et al.,
2006). Although Orai2 and Orai3 exhibit strong structural similarity to
Orai1, they are less potent in reconstituting Ca2+ inﬂux in most cells
and their exact function remains unclear (Feske et al., 2006; Mercer
et al., 2006). Thus the available data suggest that Orai1 is the pore-
forming subunit of the channel that mediates Ca2+ entry as a result of
store depletion.
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in reﬁlling the stores after an induced Ca2+ release and/or maintain-
ing long-lasting Ca2+ signals. The mechanism has also been described
in oocytes: artiﬁcial depletion of the ER leads to the generation of a
Ca2+ inﬂux across the plasma membrane in immature Xenopus oo-
cytes (Parker et al., 1985) and mature oocytes of the mouse and pig
(Kline and Kline, 1992a; Machaty et al., 2002). Recently, the STIM1
protein has been identiﬁed in pig, Xenopus and mouse oocytes and
its involvement in store-operated Ca2+ entry has also been demon-
strated (Gomez-Fernandez et al., 2009; Koh et al., 2009; Yu et al.,
2009). Research in our laboratory indicated that under resting condi-
tions, STIM1 was localized predominantly in the inner cytoplasm; and
store depletion led to its redistribution along the plasma membrane.
Ca2+ inﬂux induced by the mobilization of luminal Ca2+ was inhib-
ited when the oocytes were pretreated with lanthanum, a plasma
membrane Ca2+ channel blocker or when STIM1 expression was
suppressed using siRNAs (Koh et al., 2009). In the present study we
investigated the identity of the channel component of the store-
operated Ca2+ entry pathway and characterized its potential function
during fertilization using the pig as a model. Part of this work has
been published earlier in the form of two abstracts (Wang et al.,
2010a, 2010b).
Materials and methods
Chemicals
All chemicals were purchased from Sigma-Aldrich, Inc. (St. Louis,
MO) unless otherwise indicated.
Oocyte maturation
Ovaries from prepubertal gilts were collected at a slaughterhouse
and transported to the laboratory. The follicular ﬂuid was collected
from follicles 3–6 mm in diameter using a 20 G hypodermic needle
attached to a 10 ml disposable syringe. Oocytes with intact cumulus
cells and evenly dark cytoplasm were selected and rinsed in Hepes-
buffered Tyrode's Lactate (TL-Hepes) medium. They were then ma-
tured in TCM-199 (50 oocytes per 500 μl of medium) supplemented
with 0.1 mg/ml cysteine, 10 ng/ml epidermal growth factor (EGF),
0.5 IU/ml luteinizing hormone (LH) and 0.5 IU/ml follicle stimulating
hormone (FSH) at 39 °C in 5% CO2 in air. After 44 h, the oocytes were
collected and the surrounding cumulus cells were removed by vor-
texing in TL-Hepes containing 1 mg/ml hyaluronidase. Oocytes with
intact plasma membrane, evenly dark cytoplasm and extruded ﬁrst
polar bodies were selected and used for the experiments.
RT-PCR
Mature oocytes (n=100) were placed into 100 μl lysis/binding
buffer and mRNA was isolated using the Dynabeads mRNA DIRECT
Micro Kit (Invitrogen Corporation; Carlsbad, CA). Magnetic beads
with mRNA attached were resuspended in 20 μl of reaction mix
(iScript cDNA Synthesis Kit, Bio-Rad; Hercules, CA). Reverse tran-
scription reactions were carried out under conditions of 25 °C for
5 min followed by 42 °C for 30 min and 85 °C for 5 min. In order to
demonstrate the presence of Orai1 in porcine oocytes, primers were
designed based on a porcine EST sequence (GenBank ID CJ030841)
that showed 91% similarity at the nucleotide level with human
Orai1. The forward primer used was 5′-CAACGAGCACTCGATG-
CAAGC-3′, and the reverse primer was 5′-GTGACTCCTTGACCGAGTT-
GAGG-3′; the primer set was expected to amplify a 293 bp DNA
fragment. As an internal control, a β-actin primer set was used (for-
ward primer: 5′-GGACTTCGAGCAGGAGATGG-3′; reverse primer: 5′-
GCACCG-TGTTGGCGTA-GAGG-3′) that can amplify a 233 bp fragment
from porcine cDNA or a 331 bp fragment from genomic DNA. The PCRwas carried out using a HotMaster Taq DNA polymerase (5 PRIME,
Inc.; Gaithersburg, MD); the cDNA obtained from the oocytes was
used as a template. The reaction was started with an initial cycle of
94 °C for 2 min, followed by 32 cycles of denaturation for 30 s at
94 °C, annealing for 20 s at 55 °C, and extension for 30 s at 68 °C;
the last cycle was followed by a 10-minute ﬁnal extension. The ampli-
ﬁed products were separated on a 1.5% agarose gel.
Gene cloning
In order to clone the entire Orai1 coding sequence, oligonucleotide
primers were designed based on porcine EST sequences (GenBank ID
CJ030841, DB787655 and DB809483) showing more than 88% nucleo-
tide similarity with human Orai1. The primers were: forward, 5′-
GCCTTTGCAGCGTGCTCC-3′; reverse, 5′-GTAGTCGCT-TCCTCGACCTCC-
3′. These primers were expected to amplify a 1035 bp fragment of
Orai1 from cDNA produced by the RT reaction. The β-actin primers
were also used as described above to detect genomic DNA contamina-
tion. The PCR reaction was carried out using a Platinum Pfx DNA poly-
merase with 2× Pfx Ampliﬁcation buffer and 3× Enhancer Solution
(Invitrogen); the reaction was started with an initial cycle of 98 °C for
5 min, followed by 32 cycles of denaturation for 30 s at 95 °C, annealing
for 40 s at 56 °C, and extension for 2 min at 68 °C,with a 10-minuteﬁnal
extension following the last cycle. The amplicons were separated on a
1% agarose gel.
The PCR products having the expected size were inserted into
TOPO 2.1 vector by using the TOPO TA Cloning Kit (Invitrogen) and
the vectors were transformed into competent E. coli cells. The plas-
mids were isolated, puriﬁed using the FastPlasmid Mini kit (5
PRIME), and digested with EcoR1; the ﬁnal products were separated
on a 1% agarose gel. The puriﬁed plasmid DNA was sent to the DNA
Sequencing Low Throughput Laboratory of Purdue University for
sequencing.
SDS-PAGE and Western blot
Five hundred oocytes at either the germinal vesicle (GV) stage
(immediately after oocyte collection) or the metaphase II (MII)
stage (at the end of the maturation period) were pooled and lysed
in SDS sample buffer. The lysates were boiled for 3 min and centri-
fuged at 12,000 ×g for 4 min before loading. The proteins were sepa-
rated by SDS-PAGE on ice using a 5% stacking gel and a 12% separating
gel for 30 min at 90 V and 2.5 h at 120 V, respectively, and then elec-
trophoretically transferred onto nitrocellulose membranes by the
semi-dry transfer method at 180 mA for 1 h. After blocking at room
temperature for 1 h in TBST buffer containing 5% non-fat milk, the
membrane was incubated with rabbit anti-Orai1 polyclonal antibody
(1:1000; Chemicon, Billerica, MA) overnight at 4 °C. After three washes
for 10 min each in TBST, the membrane was incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conjugated anti-
rabbit immunoglobulin G (Promega; Madison, WI) diluted 1:1500 in
TBST. The membrane was washed three times in TBST, then processed
using the enhanced chemiluminescence (ECL) detection system (Pierce
Thermo Scientiﬁc; Rockford, IL) and exposed to an X-ray ﬁlm.
Immunocytochemistry
Mature porcine oocytes were ﬁxed with 4% paraformaldehyde in
phosphate buffered saline (PBS; pH 7.4) for 30 min at room tempera-
ture. Fixed oocytes were incubated with 5 μg Alexa Fluor 488-
conjugated wheat germ agglutinin (Invitrogen) for 10 min, to label
the plasma membrane. They were then permeabilized with 0.5%
Triton X-100 for 4 h at 37 °C and blocked in PBS supplemented with
1% BSA for 1 h at room temperature. The processed samples were in-
cubated with rabbit anti-Orai1 primary antibody (polyclonal, Chemi-
con, 1:100) overnight at 4 °C (in the case of control cells the primary
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similar concentration). They were then washed extensively and trea-
ted with rhodamine-conjugated goat anti-rabbit secondary antibody
(Upstate, 1:500) for 1 h at room temperature; the DNA was stained
with Hoechst 33342. After mounting on microscope slides under
posted coverslips the localization of the Orai1 protein was examined
with a laser-scanning confocal microscope (Zeiss LSM 710; Carl
Zeiss MicroImaging, LLC, Thornwood, NY).
Quantitative real-time PCR
Messenger RNA was isolated from pools of 50 oocytes of three dif-
ferent developmental stages: GV, MI (24 h after the beginning of mat-
uration) and MII. The mRNA samples were reverse transcribed into
cDNA as described above and used for real-time PCR. The primers
designed for use in real-time PCR are shown in Table 1. YWHAG
was used as a housekeeping gene for normalization (GenBank acces-
sion number CO94522; Whitworth et al., 2005); the YWHAG primers
were a kind gift from Dr. Ryan Cabot of Purdue University. Each reac-
tion mixture consisted of 2.5 μl of cDNA, 5 μl each of forward (1 μM)
and reverse (1 μM) primers, and 12.5 μl SybrGreen PCR Master Mix
(Bio-Rad) in a total reaction volume of 25 μl in 96-well plates. PCR re-
actions were performed in three biological and two technical repli-
cates; for each replicate cDNA from a single pool of embryos was
sub-divided to amplify all genes during the same PCR assay. In nega-
tive controls, RT reactions in which the reverse transcriptase enzyme
had been replaced with nuclease-free water were used as templates.
PCR was carried out on a MyiQ single color real-time thermal cycler
(Bio-Rad). The following program was used: initial temperature at
94 °C for 5 min followed by 40 cycles of 5 s at 94 °C, 30 s at 60 °C,
and 30 s at 72 °C. Real-time ﬂuorescence data were collected during
the extension period. A melting curve was produced to verify the
identity of the individual PCR products. Ampliﬁcation data were enu-
merated using the relative quantiﬁcation method based on compara-
tive threshold cycle (CT) values (Livak and Schmittgen, 2001). The
transcript abundance of each gene was determined relative to that
of the internal control gene YWHAG. The CT value, i.e. the cycle num-
ber when the amount of ampliﬁed product moves above background
during the log-linear phase was established for each gene and the
values for Orai1 and STIM1 were subtracted from that of YWHAG to
obtain the ΔCT. The GV stage was then selected as the calibrator to
generate ΔΔCT values. Fold differences in transcript abundance were
calculated for Orai1 and STIM1 assuming an ampliﬁcation efﬁciency
of 100% and using the equation 2−ΔΔCT. To verify that ampliﬁcation
efﬁciencies were similar for each amplicon a validation test for all
primers used was run prior to the experiment in three independent
replications.
In vitro transcription
Porcine Orai1 tagged N-terminally with the enhanced green ﬂuo-
rescent protein (EGFP-Orai1) was constructed by ﬁrst introducing a
5′ Xho1 site in-frame before the starting methionine of the Orai1 cod-
ing sequence and a 3′ EcoR1 site immediately after the stop codon.
The corresponding fragment was ligated between Xho1 and EcoR1Table 1
Oligonucleotide primers used for quantitative real-time PCR.
Genes Primer sequences (5′–3′) Amplicon
size (bp)
GenBank accession
number
Orai1 F: TGGCCGTGCATCTGTTTGC 92 NM001173519
R: CTTGACCGAGTTGAGGTTGTGC
STIM1 F: ACCGTCATGGATGTGTGCG 86 NM001130974
R: TGGCTTTGGCTGAGGCTCTG
YWHAG F: TTCATCACTGAGGAAAACTGCTAA 81 CO94522
R: TTTTTCCAACTCCGTGTTTCTCTAsites of the pEGFP-C1 vector (Clontech; Mountain View, CA). In
order to facilitate in vitro transcription, primers were designed to in-
troduce a non-priming T7 promoter sequence to the construct to am-
plify the T7-EGFP-Orai1 DNA fragment. The sequence of the forward
primer was: 5′-TAATACGACTCACTATAGGGATGGTGAGCAAGGGCGAGG-
3′; and that of the reverse primer was: 5′-TTAGGCATAGTGGCTGCCGG-
3′. The PCR product was then transcribed in vitro using the mMESSAGE
mMachine kit (Applied Biosystems/Ambion; Austin, TX). The generated
mRNA was then stored in 3 μl aliquots at−80 °C until use.
RNA interference
Small interfering RNA (siRNA) was generated to target the fourth
transmembrane domain of Orai1 (Wedel et al., 2007). A number of
siRNA sequences were designed through the Stealth RNAi program
of Invitrogen. The target region of each potential siRNA was blasted
against all available porcine sequences in GenBank to determine the
speciﬁcity and the one showing the highest speciﬁcity was selected.
The sequences of the siRNAs selected for the experiment are the
following: sense, 5′-CCUUUGGCCUGAUC-UUUAUCGUCUU-3′; anti-
sense, 5′-AAGACGAUAAAGAUCAGGCCAAAGG-3′. The siRNAs were
diluted to a ﬁnal concentration of 1 μM in diethylpyrocarbonate
(DEPC)-treated nuclease-free water, aliquoted and stored at −80 °C
until use. Oocytes injected with a scrambled siRNA duplex (sense,
5′-CCUCGGGUCCUAUUUCUAUG-UUCUU-3′; antisense, 5′-AAGAA-
CAUAGAAAUAGGACCCGAGG-3′) were used as negative controls.
The siRNAs were then microinjected into the oocytes. Subsequently,
the success of Orai1 downregulation was determined by RT-PCR at
the transcript level and by Western blot analysis at the protein level.
Microinjection
The oocytes were microinjected with mRNA or siRNA on the
heated stage of a Nikon TE2000-U inverted microscope (Nikon Corpo-
ration; Tokyo, Japan) using a FemtoJet microinjector (Eppendorf;
Hamburg, Germany). For overexpression, the oocytes were denuded
32 h after the beginning of maturation and EGFP-Orai1 mRNA was
injected into the oocytes' cytoplasm; the microinjection was per-
formed in Ca2+-free TL-Hepes to avoid inadvertent oocyte activation
as a result of Ca2+ contamination. In some cases EGFP-Orai1 mRNA
was co-injected with mRNA encoding STIM1 conjugated to the yellow
ﬂuorescent protein (YFP-STIM1, Koh et al., 2009). Microinjected oo-
cytes were rinsed with TCM-199 and incubated in the same medium
supplemented with 0.1 mg/ml cysteine and 10 ng/ml EGF at 39 °C in
5% CO2 for 15 h (this time was sufﬁcient to allow translation based
on previous experiments). In Orai1 downregulation experiments,
siRNA designed against Orai1 was microinjected into cumulus-
enclosed GV-stage oocytes. Introducing the siRNA into immature oo-
cytes allows for longer incubation of the injected cells and therefore,
more complete downregulation of the protein. In these cases the
siRNA was injected together with a FITC-labeled dextran; green ﬂuo-
rescence in the injected oocytes under UV light indicated successful
microinjection. Controls included oocytes injected with scrambled
siRNA or with the ﬂuorescent dextran only. Successfully injected
cells were then placed into maturation medium and incubated for
44 h. At the end of the maturation period the oocytes with ﬁrst
polar bodies and intact plasma membranes were selected and used
for further analyses.
Fluorescence recordings
Mature oocytes were loaded with the Ca2+ indicator dye fura-2 by
incubation in TL-Hepes medium containing 2 μM fura-2 AM (acetoxy-
methyl ester form) and 0.02% pluronic F-127 (both from Invitrogen)
under a humidiﬁed atmosphere at 39 °C for 40–50 min. After incuba-
tion, the oocytes were rinsed in TL-Hepes medium and transferred to
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lular free Ca2+ concentration ([Ca2+]i) were detected using InCyt Im2, a
dual-wavelength ﬂuorescence imaging system (Intracellular Imaging,
Inc.; Cincinnati, OH). Fluorescence was recorded as the ratio of fura-2
ﬂuorescence at 510 nm excited by UV light alternatively at 340 and
380 nm. The Ca2+ concentration was calculated by comparing the
ratio of ﬂuorescence at 340 and 380 nm against a standard curve
of known Ca2+ concentration prepared with fura-2 potassium salt
(Invitrogen). For each treatment, the [Ca2+]i measurement was repeat-
ed at least 10 times using different oocytes. The results are presented as
ﬂuorescence ratio values with ratios of 1 and 5 representing 100 and
1200 nM Ca2+, respectively.
In vitro fertilization and embryo culture
To measure the sperm-induced [Ca2+]i changes the zonae pelluci-
dae of the mature oocytes were removed by incubation in 0.1% prote-
ase for ~20 s. Zona-free oocytes were then loaded with fura-2 and
rinsed in a modiﬁed Tris-buffered medium consisting of 113.1 mM
NaCl, 3 mM KCl, 7.5 mM CaCl2×2H2O, 20 mM Tris (crystallized free
base), 11 mM glucose, 5 mM sodium pyruvate, 0.1% BSA, and 1 mM
caffeine (Abeydeera et al., 1998). Groups of 20 to 30 oocytes were
placed into 50 μl droplets of the same medium covered with mineral
oil. Fresh semen collected from a LargeWhite boar was diluted in Mo-
dena extender and kept at 16 °C up to six days. Right before in vitro
fertilization the spermatozoa were washed twice by centrifugation
at 900 g for 4 min in Dulbecco's PBS (DPBS). The ﬁnal sperm pellet
was diluted with the modiﬁed Tris-buffered medium described
above. The sperm suspension at a ﬁnal concentration of 5×105
cells/ml was added to each 50 μl droplet containing the oocytes. The
gametes were co-incubated for 30 min at 39 °C in an atmosphere of
5% CO2 in air and then transferred into the special chamber with
glass bottom for [Ca2+]i measurements. For the evaluation of embryo
development zona-intact oocytes were co-incubated with spermato-
zoa for 5 h, transferred to PZM-3 medium and incubated at 39 °C in
an atmosphere of 5% CO2 in air. On day 7, the nuclei of the cultured
embryos were stained with Hoechst 33342 and the developmental
stages of the embryos together with the total cell numbers were
determined.
Statistical analyses
Developmental and real-time PCR data were subjected to one-way
ANOVA using the PROC MIX procedure of the Statistical Analysis
System (SAS Institute, Cary, NC). Percentage data were transformed
by arcsine transformation prior to the ANOVA analysis. Differences
among treatment means were analyzed using the Tukey's test. Ca2+
measurement data and total cell numbers were compared using
Student's t-test. Differences with Pb0.05 were considered signiﬁcant
in all comparisons.
Results
Orai1 is present in porcine oocytes
Orai1 expression in porcine oocytes was investigated by RT-PCR.
The designed primers ampliﬁed the expected 293 bp cDNA fragment
indicating that Orai1 is expressed in the oocytes. The β-actin primers
used as a control identiﬁed a 233 bp fragment conﬁrming that there
was no genomic DNA contamination in the PCR reaction (Fig. 1A).
Next, we cloned the entire coding sequence of porcine Orai1 and
successfully ampliﬁed the expected 1035 bp Orai1 cDNA (Fig. 1B). Se-
quence analysis of the PCR product indicated high similarity to mouse
and human Orai1; the information submitted to GenBank can be
found under accession number NM001173519. The deduced aminoacid sequence showed 89.5% similarity to mouse and 94.4% similarity
to human Orai1 (Fig. 1C).
Fluorescence imaging suggests plasma membrane localization for Orai1
To investigate the localization of the Orai1 protein, mature oocytes
were ﬁxed and used for indirect immunocytochemistry. They were
treated with an anti-Orai1 antibody raised against the intracellular
domain of the protein. After a subsequent treatment with the second-
ary antibody the confocal images of the oocytes indicated that the
ﬂuorescent signal was localized mainly in the cortical region consis-
tent with plasma membrane localization for the endogenous Orai1
protein (Fig. 2A). Control oocytes showed no speciﬁc Orai1 staining
(not shown). In addition, we inserted the cloned Orai1 coding se-
quence into the pEGFP-C1 vector in frame with the vector sequence
(Fig. 2B). The vector was then linearized, transcribed in vitro, and
the resultant EGFP-Orai1 mRNA injected into oocytes. Laser-
scanning confocal microscopy images taken 15 h after microinjection
indicated successful translation of the delivered mRNA; the fusion
protein showed localization that was essentially identical to the en-
dogenous Orai1 protein (Fig. 2C). These results implied that, consis-
tent with previous studies in somatic cell types, Orai1 was a protein
located in the plasma membrane.
Downregulation of Orai1 inhibits store-operated Ca2+ entry
Orai1 levels of the oocytes were downregulated by microinjecting
siRNA designed to target the fourth transmembrane domain of the
protein (control oocytes received scrambled siRNA). The siRNAs
were microinjected into cumulus-enclosed oocytes prior to matura-
tion. After 44 h, the surrounding cumulus cells were removed and
the oocytes with intact plasma membranes, evenly dark cytoplasm,
and a ﬁrst polar body were selected. Some of the oocytes (100 per
treatment group) were used to isolate mRNA for RT-PCR analysis to
verify Orai1 downregulation at the transcript level. Another group
of oocytes (500 per treatment) was allocated to demonstrate Orai1
knockdown at the protein level; total proteins were isolated from
these cells and used for Western blot analysis. The remaining oocytes
were used to monitor store-operated Ca2+ entry under conditions
where the number of Orai1 channels to mediate Ca2+ inﬂux is
reduced.
RT-PCR followed by gel electrophoresis indicated that the siRNA
designed against Orai1 successfully downregulated Orai1 expression
(Fig. 3A). In addition, Orai1 protein levels were also notably lower
in the Orai1 siRNA-injected group compared to the control group
(Fig. 3B) further conﬁrming the success of Orai1 downregulation.
Next, the intracellular Ca2+ stores were depleted in the oocytes by
incubation for 2 h in the presence of 10 μM cyclopiazonic acid (CPA)
in Ca2+-free TL-Hepes medium. Ca2+ (10 mM) was then added
back to the oocytes and changes in the [Ca2+]i were monitored. In
non-injected control cells (data not shown) and in control oocytes
injected with scrambled siRNA there was a large increase in the cyto-
solic Ca2+ level indicating a Ca2+ inﬂux while the [Ca2+]i rise was
completely abolished in oocytes lacking Orai1 (Fig. 4). This clearly in-
dicated the central role of Orai1 in store-operated Ca2+ entry.
Overexpression of Orai1 also modiﬁes store-operated Ca2+ entry
Next, we studied the effect of Orai1 overexpression on the Ca2+
inﬂux induced by store depletion. EGFP-tagged Orai1 was expressed
in oocytes by microinjecting 100 ng/μl EGFP-Orai1 mRNA into the cy-
toplasm; control oocytes were microinjected with the carrier medi-
um. Confocal images taken 15 h after the delivery of the mRNA
showed intensive green ﬂuorescence in the cell cortex indicating
successful overexpression of Orai1 (as demonstrated in Fig. 2C). The
intracellular Ca2+ stores were then depleted by incubating the
Fig. 1. Identiﬁcation of Orai1 in porcine oocytes. (A) Results of RT-PCR. The presence of the 293 bp DNA fragment in lane 1 indicates that porcine oocytes contain a transcript that is
homologous to Orai1. Lane 1: Orai1 fragment; Lane 2: molecular weight marker; Lane 3: β-actin fragment. (B) PCR ampliﬁcation of the Orai1 coding sequence. Lane 1: 1035 bp
Orai1 cDNA; lane 2: molecular weight marker. (C) Amino acid sequence of pig, mouse and human Orai1. The porcine Orai1 shows 89.5% similarity to mouse and 94.4% similarity
to human Orai1.
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tion of 10 mM Ca2+ led to an elevation in the cytosolic free Ca2+ con-
centration whose amplitude was smaller in Orai1-overexpressing
oocytes compared to the control: the ﬂuorescence ratio (R) indicatingFig. 2. Localization of Orai1 in porcine oocytes. (A) Confocal microscopic images showing
oocytes after immunocytochemical labeling. For visualization purposes the plasma membran
33342. In GV-stage oocytes the ﬂuorescent signal indicating the Orai1 protein localized p
weaker, showed a similar distribution. (B) Map of the EGFP-Orai1 vector that was used to
to the endogenous protein, EGFP-tagged Orai1 localized in the cell cortex consistent with tthe peak Ca2+ concentration was 3.5±0.3 in cells (n=10) with ele-
vated Orai1 levels while in control cells it was 5.4±0.5 (n=10;
Pb0.05; Fig. 4). In addition, the Ca2+ inﬂux was also slower, whereas
the total Ca2+ inﬂux (estimated as the area under the curve) tendedthe distribution of endogenous Orai1 in immature (GV-stage) and mature (MII-stage)
e (PM) was also stained with wheat germ agglutinin and the DNA labeled with Hoechst
rimarily at the plasma membrane. In mature oocytes the signal, although somewhat
express exogenous Orai1. (C) Localization of exogenously expressed Orai1. Similarly
he role of Orai1 being a channel in the plasma membrane.
Fig. 3. Downregulation of Orai1. (A) RT-PCR results showing Orai1 downregulation at
the mRNA level. The amount of Orai1 transcripts decreased while that of β-actin
remained unchanged in oocytes microinjected with siRNA designed against Orai1.
(B) Western blot results indicating decreased Orai1 protein levels as a result of Orai1
siRNA injection. The siRNAs were injected into GV-stage oocytes; protein levels were
assessed in the oocytes after maturation. Total proteins from the same number of
oocytes (n=500) were loaded into each well of the gel. The analysis was replicated
5 times; in some cases additional bands in the 35–50 kDa range, probably indicating
glycosylated Orai1, were also seen (not shown).
419C. Wang et al. / Developmental Biology 365 (2012) 414–423to be larger in EGFP-Orai1 mRNA-injected oocytes. However, when
Orai1 was co-overexpressed with STIM1 by injecting EGFP-Orai1
mRNA together with that of YFP-STIM1, a large increase in the Ca2+
inﬂux ensued. In control oocytes (injected with the carrier medium
only), the re-addition of Ca2+ induced a Ca2+ entry with the expected
amplitude (R=~4.5; data not shown) whereas in oocytes overex-
pressing both Orai1 and STIM1 the amplitude was signiﬁcantly larger
(R=9.1±0.2; n=10; Pb0.05). This indicates that co-overexpression
of Orai1 with STIM1 in the oocytes causes a dramatic increase in
store-operated Ca2+ entry.
Orai1 expression and the oocytes' ability to generate store-operated Ca2+
entry change during maturation
To characterize the expression pattern of Orai1 in pig oocytes dur-
ing the course of maturation, we compared Orai1 protein levels inFig. 4. Ca2+ inﬂux after store-depletion in oocytes with varying levels of Orai1. Control
oocytes exhibited a large [Ca2+]i elevation after adding Ca2+ (arrow) to the extracellu-
lar medium. The inﬂux was inhibited by Orai1 siRNA; overexpression of Orai1 also
had a certain degree of inhibitory effect on the store-operated Ca2+ entry. Co-
overexpression of Orai1 and STIM1, on the other hand, led to a large increase in Ca2+
inﬂux after store depletion and subsequent re-addition of Ca2+. Each proﬁle is repre-
sentative of 10 oocytes.oocytes of different development stages using Western blot analysis.
We found that Orai1 expression was markedly higher in immature
(GV-stage) oocytes compared to that in mature oocytes at the MII
stage (Fig. 5). To further analyze Orai1 expression in oocytes, the
abundance of Orai1 transcripts together with that of STIM1 mRNA,
the other signaling molecule with a central role in store-operated
Ca2+ entry, was investigated using quantitative RT-PCR. The results
corresponded well with the Western blot data: Orai1 transcript levels
were signiﬁcantly higher (Pb0.05) in immature oocytes compared to
those in oocytes after maturation. At the same time, STIM1 transcript
levels did not change during oocyte maturation (Fig. 6).
When the Ca2+ entry induced by store depletion was explored in
oocytes of different maturational stages we found that the Ca2+ inﬂux
markedly increased as the oocytes reached the developmental stage
when they are fertilized under physiological conditions. Oocytes at
the germinal vesicle stage displayed only a small Ca2+ inﬂux after
CPA treatment and the re-addition of Ca2+; this inﬂux was much larg-
er in mature oocytes (Fig. 7).
Orai1 is essential for sustaining Ca2+ oscillations at fertilization
Because results of previous studies suggested that transmembrane
Ca2+ inﬂuxes are associated with mammalian fertilization, next we
wanted to know if Orai1 was responsible for mediating the Ca2+
entry. For this purpose, Orai1 levels were downregulated by injecting
Orai1 siRNA into GV-stage oocytes; control oocytes were injected
with scrambled siRNA. After 44 h of incubation mature oocytes
were collected, the surrounding cumulus cells were removed and
proteins were isolated from a total of 500 gametes to conﬁrm success-
ful Orai1 downregulation. As indicated by the results of Western blot
analysis, the siRNAs designed against Orai1 were successful in reduc-
ing Orai1 protein levels in the oocytes (Fig. 3B). Other siRNA-injected
oocytes were used to detect changes in the cytosolic Ca2+ levels after
sperm–oocyte fusion. The zonae pellucidae were removed, zona-free
oocytes were co-incubated with porcine spermatozoa and changes
in the [Ca2+]i were monitored. We were able to measure a series of
Ca2+ transients lasting for up to 8 h in control oocytes (both in non-
injected oocytes and those injected with scrambled siRNA) after fu-
sion with sperm (Fig. 8A). On the other hand, most (9 out of 10)
Orai1 siRNA-injected oocytes showed only one Ca2+ rise; no further
oscillations in the [Ca2+]i were observed in these gametes (Fig. 8B).
In addition, the amplitude of the Ca2+ elevation was also lower in
the cells with knocked-down Orai1 levels compared to the control.
When embryo development after the fertilization of Orai1-
deﬁcient oocytes was examined we found that the attenuated Ca2+
signal could stimulate only very poor development. The percentage
of cleaved oocytes was signiﬁcantly lower in the Orai1 siRNA-
injected group compared to both non-injected or control siRNA-
injected oocytes (38.4±4.6% vs. 70.5±2.8% and 70.4±2.4%;
Pb0.05). In addition, the frequency of blastocyst formation (1.9±
0.8% vs.11.0±3.1% and 9.9±1.4%) and the total cell number perFig. 5. Results ofWestern blot analysis. GV-stage oocytes (lane 1) had higherOrai1 protein
levels compared to mature (MII) oocytes (lane 2).
Fig. 6. Real-time PCR data showing Orai1 and STIM1 transcript levels in oocytes of dif-
ferent developmental stages. The Orai1 transcript level was the highest at the GV-stage
and decreased during maturation. Meanwhile, transcript abundance of the ER Ca2+
sensor STIM1 did not change. (a, b: Different letters indicate signiﬁcant differences;
Pb0.05).
Fig. 8. Effects of Orai1 downregulation and overexpression on the sperm-induced Ca2+
oscillations. (A) Control (scrambled siRNA-injected) oocytes showed the normal long-
lasting Ca2+ oscillation pattern. (B) Downregulation of Orai1 caused the premature termi-
nation of the sperm-induced Ca2+ signal. (C) Overexpression of Orai1 resulted in Ca2+
oscillations consisting only a limited number of transients with markedly smaller ampli-
tudes. Each trace is a representative response collected from a single oocyte.
420 C. Wang et al. / Developmental Biology 365 (2012) 414–423blastocyst (19.8±0.8 vs. 36.2±0.7 and 33.5±5.5) were also signiﬁ-
cantly (Pb0.05) lower in oocytes with downregulated Orai1 levels
(Table 2).
We also studied the effects of Orai1 overexpression on the fertili-
zation Ca2+ signal. Porcine oocytes were microinjected with EGFP-
Orai1 mRNA, cultured for 15 h, the zonae pellucidae were removed
and the zona-free oocytes were inseminated. Overexpression of
Orai1 disrupted the normal Ca2+ signal pattern; the oscillations ran
down prematurely in 8 out of 10 oocytes tested (Fig. 8C). These oo-
cytes showed only 2 to 6 transients of markedly lower amplitude.
The remaining 2 oocytes were able to generate Ca2+ oscillations
with extended duration; however, the amplitudes of the transients
were signiﬁcantly lower (with a ﬂuorescence ratio of ~1.7) compared
to those measured in control oocytes.
Discussion
The oscillatory Ca2+ signal during mammalian fertilization is gen-
erated when phospholipase C-zeta (PLC-ζ) diffuses from the sperm
head into the oocyte cytoplasm following the fusion of the gametes.
PLC-ζ hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) locat-
ed in the oocyte into inositol 1,4,5-trisphosphate (InsP3) and diacyl-
glycerol; InsP3 then binds its receptors on the ER and triggers the
release of Ca2+ from the intracellular Ca2+ store (Saunders et al.,
2002; Swann et al., 2004). The initial Ca2+ release is followed by a se-
ries of Ca2+ transients that is the result of cyclic release and re-uptake
of Ca2+ by the ER. The oscillatory Ca2+ signal is responsible for the ac-
tivation of the oocyte's developmental program and triggers a great
number of biological events associated with oocyte activation such
as cortical granule exocytosis to prevent polyspermy, recruitment of
maternal mRNAs, and resumption of meiosis (reviewed by Jones,
2005). In addition, the duration, amplitude and frequency of the fer-
tilization Ca2+ signal seem to encode information that controls eventsFig. 7. Store-operated Ca2+ entry in oocytes of different developmental stages. The Ca2+
inﬂux induced by store depletion was signiﬁcantly lower in immature oocytes compared
to those that completed maturation. The arrow indicates the time when Ca2+ was added
back to the medium.much later in time such as gene expression during peri- and post-
implantation development (Ducibella et al., 2002; Ozil et al., 2006).
Despite its importance, little is known about the signaling cascade
that sustains the oscillatory Ca2+ signal for hours after sperm-
oocyte fusion. Previous studies have shown that in the absence of ex-
tracellular Ca2+ or in the presence of Ca2+ channel antagonists, the
oscillations cease prematurely indicating that an inﬂux of Ca2+ is a
prerequisite for the maintenance of the sperm-induced Ca2+Table 2
Embryo development after Orai1 downregulation followed by fertilization.
Treatment Total
number of
oocytes
% of cleaved
oocytes (n)
% of oocytes
forming
blastocyst (n)
Average number
of nuclei per
blastocyst
Non-treated control 281 70.5±2.8a 11.0±3.1a 36.2±5.7a
(198) (31)
Scrambled siRNA 233 70.4±2.5a 9.9±1.4a 33.5±5.5a
(164) (23)
Orai1 siRNA 263 38.4±4.6b 1.9±0.8b 19.8±0.8b
(101) (5)
a,b,cDifferent superscripts in the same column indicate signiﬁcant differences; Pb0.05.
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was demonstrated that the long-lasting Ca2+ signal is associated
with Ca2+ inﬂux across the plasma membrane. The inﬂux seems to
be the result of depletion of the intracellular stores and it serves
to maintain the train of Ca2+ spikes (Kline and Kline, 1992a;
McGuinness et al., 1996). The recent identiﬁcation of themajor compo-
nents of the store-operated Ca2+ entry cascade in somatic cells gave im-
petus to the better understanding of the mechanism that is responsible
for sustaining the sperm-induced Ca2+ oscillations and hence critical
for the stimulation of embryo development in mammals.
Using the pig as a model we demonstrated the existence of Orai1,
both at the transcript and protein level, in mammalian oocytes. The
cloning and sequencing of the entire porcine Orai1 coding sequence
revealed a high similarity to Orai1 of other species suggesting that
the protein possesses a function similar to what has been reported
in other cell types. By indirect immunocytochemistry using an anti-
Orai1 antibody and also, by expressing an exogenous EGFP-tagged
Orai1 through mRNA microinjection we demonstrated that in mature
oocytes Orai1 was located primarily in the plasma membrane. As in
other studies, this localization together with the presence of the
four transmembrane domains suggested a role for Orai1 as a mem-
brane protein.
A clear indication that Orai1 has a key role in store-operated Ca2+
entry came from the RNAi experiments. When Orai1 levels were
downregulated in the oocytes the Ca2+ inﬂux that normally follows
store depletion was completely abolished. The intracellular stores
were depleted by incubating the siRNA-injected oocytes in the pres-
ence of CPA in Ca2+-free medium. Normally, Ca2+ is slowly seeping
out of the ER and then pumped back into the store by the sarco/
endoplasmic reticulum Ca2+ ATPase (SERCA) pumps. CPA speciﬁcally
inhibits the SERCA pumps; its application in Ca2+-free medium leads
to a gradual depletion of the stores and eventual opening of the plas-
ma membrane Ca2+ inﬂux channels. Ca2+ add-back under such con-
ditions leads to store-operated Ca2+ entry that can be detected as an
increase in the intracellular free Ca2+ levels. The fact that Ca2+ add-back
did not induce Ca2+ entry in Orai1 siRNA-injected oocytes suggested
that Orai1 is an essential component of the store-operated Ca2+ entry
pathway. The overexpression of Orai1 also modiﬁed Ca2+ entry after
store depletion leading to slower elevations in the cytoplasmic free
Ca2+ levels with smaller amplitudes and longer durations. In other cell
types such as humanembryonic kidney cells and rat basophilic leukemia
cells overexpression of Orai1 had a strong dominant-negative effect on
store-operated Ca2+ entry activity, i.e. the increased number of Orai1
proteins relative to STIM1 leads to reduced Ca2+ inﬂux after store deple-
tion (Mercer et al., 2006; Peinelt et al., 2006; Soboloff et al., 2006). Over-
expression of Orai1 was suggested to alter the stoichiometry of the
store-induced coupling process (Hewavitharana et al., 2007). One
might also speculate that overexpressed Orai1 could localize inside the
ER and reduce the content of the intracellular stores but this does not
seem to be the case since ionomycin applied in Ca2+-free medium was
able to mobilize the same amount of Ca2+ in Orai1-overexpressing oo-
cytes as in control cells (data not shown). Thus our results in pig oocytes
also showed that Orai1 overexpression affected store-operated Ca2+
entry activity, indicating a ﬁne stoichiometry between Orai1 and
STIM1 in the control of Ca2+ inﬂux. Co-overexpression of Orai1 with
STIM1 resulted in a striking increase in Ca2+ entry after store depletion
and re-addition of Ca2+ strengthening the idea that these two proteins
are key components of the store-operated Ca2+ entry pathway.
We also found that the expression of endogenous Orai1 together
with the oocytes' ability to mount a Ca2+ inﬂux upon store depletion
change during maturation. Fully-grown oocytes in the mammalian
ovary are not fertilization competent and have to undergo a process
known as oocyte maturation to acquire the ability to activate at fertil-
ization and form viable embryos. A critical aspect of maturation is
the differentiation of the Ca2+ signaling pathways in the oocyte
(Machaca, 2007). Several studies have shown that immature mouseoocytes are incapable of fertilization and display an ablated Ca2+ sig-
nal upon artiﬁcial stimulation or fusion with sperm (Jones et al.,
1995; Mehlmann and Kline, 1994). Differentiation of the Ca2+ signal-
ing pathways during oocyte maturation involves changes such as re-
organization of the ER, an elevation in the number of InsP3 receptors,
an increase in the concentration of stored Ca2+ and redistribution of
Ca2+-binding proteins in the lumen of the Ca2+ stores (Carroll et
al., 1996; Machaca, 2007). While evaluating Orai1 levels in oocytes be-
fore and aftermaturationwe found thatOrai1 expression decreased sig-
niﬁcantly during the course ofmaturation. The expression of STIM1, the
othermajor signaling protein of the store-operated Ca2+ entry pathway
remained unchanged. At the same time, the Ca2+ inﬂux after store de-
pletion was lower in immature compared to that in mature oocytes.
This is somewhat different from what was reported in the mouse and
the frog. Store-operated Ca2+ entry was also found to increase during
maturation in mouse oocytes but this was associated with an elevation
in STIM1 expression while Orai1 levels remained unchanged (López-
Guerrero et al., 2012). On the other hand, although immature Xenopus
oocytes are able to mount a Ca2+ entry after emptying the intracellular
stores, the mechanism is inactivated during oocyte maturation. In
Xenopus, Orai1 constitutively recycles between the plasma membrane
and an endosomal compartment of the immature oocyte and its
internalization during maturation seems to be the reason for store-
operated Ca2+ entry inactivation (Yu et al., 2009, 2010). As a result, em-
bryo development is stimulated by a single Ca2+ transient during fertil-
ization in Xenopus. Inactivation of the cascade during the M phase of
the cell cycle was also shown in somatic cells (Preston et al., 1991) al-
though the mechanism responsible is not fully understood. Thus the
mammalian oocyte seems to be an exemption in this regard, as in
these cells store-operated Ca2+ entry remains active during meiosis as
the oocyte awaits fertilization. In addition, the results indicate that
changes in the expression of Orai1 are also part of the differentiation
process that occurs in the Ca2+ signaling mechanism during oocyte
maturation.
Previous studies in hamster and mouse indicated that a Ca2+ in-
ﬂux is required for sustaining the long-lasting oscillatory Ca2+ signal
at fertilization and suggested that it may be the store-operated Ca2+
entry pathway that provides this Ca2+ inﬂux (Kline and Kline,
1992b; Miyazaki, 1991). In our study we further examined the regu-
lation of Ca2+ signaling and investigated the possible involvement
of Orai1, the channel component of the store-operated Ca2+ entry
cascade in the signaling process during fertilization. We found that
downregulation of Orai1 prior to fertilization blocked the sperm-
induced Ca2+ oscillations; the amplitude of the single Ca2+ transient
that we could detect was also signiﬁcantly smaller compared to that
seen in the control group. As the oscillatory Ca2+ signal depends on
Ca2+ inﬂux to replenish the intracellular store, downregulation of
Orai1 led to the abolishment of additional Ca2+ peaks due to the ab-
sence of the channel to provide Ca2+ entry. The single Ca2+ transient
detected in such cells was smaller because of the absence of function-
al Orai1 channels in the plasma membrane. As mentioned earlier,
cytoplasmic Ca2+ signals are often the combination of two separate
though well connected events: the Ca2+ release from the ER followed
by an inﬂux of Ca2+ from the extracellular environment. After Orai1
knockdown the amplitude of the Ca2+ rise detected was smaller be-
cause this [Ca2+]i increase was only the result of Ca2+ released
from the stores with no support from the extracellular milieu to en-
hance the Ca2+ rise due to the absence of Orai1 inﬂux channels. The
inhibitory effect was also observed after the overexpression of Orai1
in the oocytes. In this case, excess number of Orai1 probably dis-
rupted the stoichiometry between Orai1 and STIM1; as a result the
duration of the oscillation as well as the amplitude of the individual
Ca2+ transients were markedly reduced. These ﬁndings are in agree-
ment with those of the Orai1 expression analysis and strongly suggest
that the expression ratio between Orai1 and STIM1 is an important
regulator of store-operated Ca2+ entry. Overall, the results provide
422 C. Wang et al. / Developmental Biology 365 (2012) 414–423direct evidence that Orai1 serves as a Ca2+ inﬂux channel that plays a
crucial role in maintaining the proper oscillatory Ca2+ signal during
fertilization. They also imply that store-operated Ca2+ entry is the
major Ca2+ inﬂux pathway that regulates the sperm-induced Ca2+
oscillation required for oocyte activation and subsequent embryo
development.
A key question that remains is how the Orai1 channels are activat-
ed in porcine oocytes upon store depletion. Experimental data in so-
matic cells strongly suggest that the pathway is activated when the
Ca2+ sensor STIM1 senses the depletion of the Ca2+ store; thus a
direct interaction between STIM1 and Orai1 is highly probable
(reviewed by Schindl et al., 2009). However, other mechanisms
such as the generation of a secondary messenger downstream of
STIM1 have also been suggested. According to this hypothesis, upon
store depletion STIM1 initiates the synthesis of the Ca2+ inﬂux factor
(CIF; Randriamampita and Tsien, 1993); which through triggering
additional downstream effectors eventually leads to the opening of
Orai1 (Csutora et al., 2006). In addition, it was also suggested that
Orai proteins are also components of another type of Ca2+ entry
channel that is activated by arachidonic acid, in a store-independent
manner (Mignen et al., 2008). Such arachidonate-regulated Ca2+-
selective (ARC) channels are also regulated by STIM1 but through a
mechanism that does not involve store depletion and STIM1 translo-
cation. All these warrant further studies in order to characterize the
ﬁne details of communication between STIM1 and Orai1 in oocytes.
Taken together, the data presented above indicate that porcine
oocytes express Orai1 and the protein serves as a channel thatmediates
Ca2+ entry upondepletion of the intracellular Ca2+ stores.Wehave also
demonstrated that the Ca2+ inﬂux through the Orai1 channel is essen-
tial in the maintenance of the Ca2+ oscillations at fertilization. This in-
formation is important for the better understanding of the signaling
cascade that operates during fertilization and is responsible for the
proper initiation of embryo development.
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